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In order to clarify the influence of the impurities in the sputtering atmosphere on the microstructure
and the giant magnetoresistance ~GMR! properties of nanogranular thin films, Co–Cu alloy films
were prepared on quartz substrates at room temperature under the different purity of the sputtering
atmosphere by changing the base pressure, 10211 Torr extremely clean process ~XC! and 1027 Torr
lower grade process ~LG!. The correlation between the microstructure and the GMR of films after
an annealing procedure is discussed. As results, we found that; ~1! A Co-rich phase combined with
oxygen was formed at grain boundary in the films as deposited under the LG process; ~2! the gradual
progress of the grain growth of precipitates with increasing annealing temperature was observed in
the XC-processed films, while the coarse grain growth of the matrix phase, resulting in the abrupt
change of magnetoresistance occurred in the LG-processed films. We conclude that regulated
impurity concentration in the films is an essential parameter to control the precipitation process from
the supersaturated solid solution and to realize the desirable microstructure of the nanogranular
GMR thin films. © 1998 American Institute of Physics. @S0021-8979~98!26411-5#I. INTRODUCTION
The origin of giant magnetoresistance ~GMR! observed
in nanogranular thin films is a spin-dependent scattering of
conduction electrons which occurs at the interface between a
nonmagnetic matrix and magnetic fine particles of pre-
cipitate.1,2 In the case of sputter deposited Co–Cu granular
films, supersaturated solid solution and fine particles are gen-
erally formed as deposited, and the magnetic fine particles
grow by postannealing.3,4 Since the precipitating process
from the supersaturated solid solution is strongly affected by
defects and dissolved oxygen in the films, one can expect the
drastic change of the microstructure and the GMR properties
of nanogranular films with decreasing impurity concentration
in the films. In the present study, in order to clarify the in-
fluence of the contaminating impurities obtained during the
deposition process, we prepared Co–Cu alloy films by
changing the purity of the sputtering atmosphere and inves-
tigated the correlation between the microstructure and the
GMR of them through heat treatment.
II. EXPERIMENTAL PROCEDURE
CoxCu12x ~x5atom fraction Co! films 300 nm thick
were prepared onto fused quartz substrates at room tempera-
ture by using a specialized dc magnetron sputtering machine
which enables pumping down to 8310212 Torr. For the pro-
cess gas, ultraclean Ar gas ~UC-Ar!, whose moisture level is
less than 1 ppb, was used.5 In order to make two different
residual impurity levels in the sputtering atmosphere, the
base pressure of 3310211 Torr ~extremely clean process:
XC process! and 331027 Torr ~lower grade process: LG
process! were prepared respectively by changing the pump-
ing time after venting the chamber with air. The flow rate of
the UC-Ar gas during sputtering was 100 sccm to make the
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mosphere were calculated as 0.01 ppm for the XC process
and 1 ppm for the LG process, respectively.5 Annealing was
performed in vacuum on a same sample subsequently from
150 to 450 °C for 1 h at each temperature. Microstructure of
films was examined by x-ray diffraction ~XRD! and trans-
mission electron microscope ~TEM!. Magnetoresistance was
measured at room temperature in the film plane by a dc four
probe method with maximum applied field of 14 kOe.
III. RESULTS AND DISCUSSION
A. Microstructure
Figure 1 shows TEM images of x50.17 samples as de-
posited under the XC and the LG processes, respectively.
The characteristic grain diameter of the XC-processed film
('30 nm) is larger than that of the LG-processed film
('20 nm). It is noteworthy that a different phase with bright
contrast distinguished from grains is observed at triple points
of the grain boundary in the LG-processed film. In order to
identify the phase with bright contrast, energy dispersion x-
ray spectroscopy ~EDS! analysis was performed on the LG-
FIG. 1. TEM images of Co0.17Cu0.83 alloy films as deposited under the XC
process ~a! and the LG process ~b!.4 © 1998 American Institute of Physics
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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files obtained when 1-nm-diam electron beam was focused
on the grain boundary phase ~A! and on the grain ~B!, re-
spectively. By comparing these profiles, we can say that the
phase at triple points in the LG-processed film has higher
concentration of Co than the grains. In addition, oxygen,
which is not appeared in the grains, is clearly detected in the
grain boundary phase. On the other hand, in the XC-
processed film, no intergranular phase is observed in Fig.
1~a!, indicating the homogeneous distribution of Co in the
whole film. It seems reasonable to suppose that the major
impurity element, H2O in the LG-processed atmosphere is
the most probable species affecting the change of the micro-
structure of the as-deposited films. Namely, H2O unites pref-
erentially with Co adatoms arrived at the substrate and im-
mobilizes them to be nuclei for the condensation of Co
adatoms. In the XC process, because of the lack of this
nucleation, grains of homogeneous supersaturated solid solu-
tion can grow large.
Figure 3 shows the changes of peak intensity and width
of major diffraction line from ~111! crystal plane in the XRD
profile as functions of annealing temperatures, Ta for x
50.17 samples. In the case of XC-processed film, the dif-
FIG. 2. Characteristic x-ray profiles from the grain boundary phase ~A! and
the grain ~B! of a Co0.17Cu0.83 alloy film as deposited under the LG process.
FIG. 3. Changes of XRD profiles of Co0.17Cu0.83 films of the XC process
and the LG process, as deposited and after annealed at various temperatures,
Ta . Peak intensity ~open figures! and width ~filled figures! for ~111! diffrac-
tion line are plotted.Downloaded 28 Oct 2008 to 130.34.135.83. Redistribution subject tofracted lines gradually become large and sharp up to 300 °C,
and turn to become broad above 350 °C. On the other hand,
in the case of LG-processed film, abrupt increase of intensity
and sharpening of diffraction line are observed at 200 °C,
which suggests a coarse grain growth. Figure 4 shows TEM
images of x50.17 films in the both processes after annealed
at 200 and 350 °C, respectively. In the XC-processed film,
corresponding with the changes of XRD profile, the gradual
grain growth with increasing Ta is observed. Also we can see
the obscure lattice image of grains with increasing Ta , which
is suggesting the decomposition of supersaturated solid solu-
tion. In contrast, in the LG-processed film, we can see the
coarse grain growth at 200 °C. The characteristic grain size
was larger than several hundred nm. The Co-rich phase
which existed at the grain boundary as seen in the as-
deposited film with bright contrast @Fig. 1~b!# is cut apart and
dispersed in the coarsened matrix grains as fine particles.
B. GMR and magnetic properties
Figure 5 shows the changes of rs and Dr (5r02rs) as
a function of the annealing temperature, Ta , for the films
with x50.13, 0.17, and 0.25 fabricated under the XC and the
LG processes. r0 and rs are defined as the resistivity mea-
sured without and with applied field of 14 kOe, respectively.
rs gives a scale of the resistivity when the magnetization of
the film is saturated, though 14 kOe was not large enough
especially in the films as-deposited and after annealed at
lower temperature. We attend to the x50.17 as a typical
example. In the XC-processed film, rs which was 52 mV cm
as-deposited gradually decreases, with increasing Ta . Dr
which was 1.8 mV cm as-deposited gradually increases and
reaches maximum value of 2 mV cm at Ta5150 °C, then
decreases with increasing Ta . The increase of Dr below
150 °C can be explained by the increasing volume and
heightening the Co concentration of the Co-rich phase by
precipitation from the supersaturated solid solution. Namely,
the enlarging magnetization of Co-rich phase makes film
easy to saturate even at 14 kOe and enhances the difference
of spin-dependent scattering between zero and maximum ap-
plied field. Above 200 °C, the decrease of Dr is explained by
FIG. 4. TEM images of Co0.17Cu0.83 alloy films of the XC process and the
LG process, after annealed at Ta5200 and 350 °C, respectively. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
7006 J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Tsunoda et al.FIG. 5. Changes of resistivity rs and magnetoresistance Dr as functions of annealing temperature for CoxCu12x films of the XC process ~a! and the LG
process ~b!.grain growth of Co-rich phase leading to lower their surface/
volume ratio. Here, we should notice the annealing tempera-
ture where Dr reaches maximum ~indicated as open arrows
in the figure! becomes lower with increasing Co content.
This means that highly supersaturated Co are easy to precipi-
tate and to make large grains of Co-rich phase at relatively
lower temperature. These experimental facts support the
grain growth discussed above. On the other hand, in the LG-
processed films, abrupt drop of rs is observed at Ta
5200 °C in x50.17 case. Corresponding to this change, Dr
steeply increases from 1.3 to 1.9 mV cm at Ta5200 °C. By
taking into account the structural change as previously
shown in Figs. 3 and 4, one can say that the physical origin
of the abrupt changes of rs and Dr at Ta5200 °C is the
decrease of grain boundary scattering and the randomizing
direction of the magnetization of particulate Co-rich phase at
zero field. In addition, from the slight decrease of Dr above
200 °C, we can conclude that the grain growth of Co-rich
phase resulting from the decomposition of the supersaturated
solid solution is not significant in the LG-processed film up
to 450 °C, contrary to the XC-processed one.
Figure 6 shows the changes of M 10 kOe , which is the
magnetization measured under applied filed of 10 kOe, and
FIG. 6. Changes of magnetization under H510 kOe ~filled figures! and
coercivity ~open figures! as functions of annealing temperature for
Co0.17Cu0.83 films of the XC process and the LG process.Downloaded 28 Oct 2008 to 130.34.135.83. Redistribution subject tothe coercivity, Hc of x50.17 samples as a function of Ta .
Measurement was performed at room temperature. In the
XC-processed film, M 10 kOe gradually increases with increas-
ing Ta . Hc arises from Ta5200 °C and also increases
gradually, indicating that magnetic stability against thermal
agitation is induced by grain growth of the Co-rich phase. On
the other hand, in the LG-processed film, M 10 kOe , which is
190 emu/cc as-deposited and larger than that of the film in
the XC process, slowly increases and becomes smaller than
the XC process above 350 °C. Hc also increases fairly
slightly up to 450 °C. These changes well correspond with
the changes of microstructure and the GMR discussed above.
IV. CONCLUSION
Co–Cu alloy films were fabricated under the different
purity of the sputtering atmosphere by changing the base
pressure, 10211 Torr ~XC process! and 1027 Torr ~LG pro-
cess!. The correlation between the microstructure and the
giant magnetoresistance of Co–Cu alloy films was exam-
ined. As results, we found that: ~1! A Co-rich phase com-
bined with oxygen was formed at grain boundary in the as-
deposited films in the LG process; ~2! the gradual progress of
the grain growth of Co-rich phase with increasing annealing
temperature, accompanying a gradual change of magnetore-
sistance, were observed in the XC-processed films; ~3! in the
LG-processed films, the coarse grain growth of the matrix
phase resulted in abrupt change of magnetoresistance.
We conclude that the regulated impurity concentration in
the films is an essential parameter to control the precipitation
process from supersaturated solid solution and to realize the
desirable microstructure of the nanogranular GMR thin
films.
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